2014). RNA/DNA co-analysis from human menstrual blood and vaginal secretion stains: Results of a fourth and fifth collaborative EDNAP exercise.
Introduction
Conventional tests for the identification of blood, saliva and semen are based on enzymatic and immunological reactions of cell specific enzymes and antigens, but many of these tests lack specificity [1] . Recently two screening tests for the identification of menstrual blood were described, that utilize antibodies for fibrinfibrinogen degradation products (latex agglutination test, D-dimer assay) [2, 3] . Neither test has been confirmed and validated for forensic use. Up to now no reliable presumptive test for the identification of vaginal secretion exists [1] . The analysis of cellspecific mRNA expression is a confirmative method for the identification of body fluids [1, . The suitability of mRNA profiling assays has also been demonstrated for old and environmentally compromised samples [17, 18, 35] . Recently, three collaborative exercises were performed by the European DNA Profiling Group (EDNAP -http://www.isfg.org/EDNAP) in order to evaluate the robustness and reproducibility of mRNA profiling for blood, saliva and semen identification: (1) evaluation of three blood-specific markers (HBB, SPTB and PBGD) using singleplex reactions [38] ; (2) evaluation of seven blood-specific markers using two multiplex systems, a 'high sensitivity' duplex (HBB, HBA) and a 'moderate sensitivity' pentaplex (ALAS2, CD3G, ANK1, PBGD and SPTB) [39] and (3) a saliva triplex including the markers HTN3, STATH and MUC7 and a semen pentaplex allowing the detection and differentiation of sperm (PRM1, PRM2) and seminal plasma (PSA, SEMG1 and TGM4), the latter of which is necessary for the identification of semen from azoospermic men [40] . Most laboratories, some of which had no prior experience with RNA, were able to successfully isolate and analyze RNA from the provided samples. While sensitivity varied between laboratories, the method proved to be reproducible and sensitive using different analytical strategies.
A fourth and fifth collaborative exercise was organized by the Institute of Legal Medicine, University of Zü rich, Switzerland, on behalf of EDNAP in order to test forensically suitable menstrual blood and vaginal secretion markers, respectively. In addition 3 housekeeping genes were evaluated. In a preliminary study performed by the Florida and Zü rich laboratories, various menstrual blood and vaginal secretion mRNA markers described in the literature [11, 19, 23, 34, 36] were evaluated in terms of sensitivity, specificity and performance with casework samples. For this study, 7 menstrual blood, 7 vaginal secretion and 3 housekeeping gene markers were tested, 16 of which were deemed most suitable for forensic use (Table 1 ). Hs202072 was seldom detectable during pretesting and therefore excluded from further analysis. In these exercises, the following multiplexes were developed and provided to the participating laboratories: (1) two menstrual blood multiplexes, MMP triplex (MMP7, MMP10, MMP11) and MB triplex (MSX1, LEFTY2, SFRP4) in conjunction with a housekeeping gene triplex (B2M, UBC, UCE); (2) two vaginal secretion triplexes, including human Vag triplex (MYOZ1, CYP2B7P1 and MUC4) and bacterial Lacto triplex (Ljen, Lcris, Lgas) and a HBD1 singleplex. These multiplexes were developed for ease of use in the exercises and have not been validated for routine use.
The exercises included the analysis of mock casework samples (2 Â 8), dilution series of menstrual blood and vaginal secretions and optional additional bona fide or mock casework samples from the participating laboratories. The housekeeping gene markers were included in order to evaluate their use as positive controls for used for the identification of vaginal secretion: Vag triplex (MYOZ1, CYP2B7P1 and MUC4) and a Lactobacillus-specific Lacto triplex (Ljen, Lcris, Lgas). The laboratories used different chemistries and instrumentation and all were able to successfully isolate and detect mRNA in dried stains. The simultaneous extraction of RNA and DNA allowed for positive identification of the tissue/fluid source of origin by mRNA profiling as well as a simultaneous identification of the body fluid donor by STR profiling, also from old and compromised casework samples. The results of this and the previous collaborative RNA exercises support RNA profiling as a reliable body fluid identification method that can easily be combined with current STR typing technology.
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Housekeeping genes mRNA profiling Table 1 List of evaluated mRNA markers for the identification of vaginal secretion, menstrual blood and housekeeping genes. successful RNA extraction/reverse transcription for future work. The expression of these housekeeping genes was additionally tested in blood, saliva and semen dilution series. Several housekeeping gene markers have already been tested on body fluids [19, 24, 32, 37] , but up to now, no marker has been described that is universally suitable for all body fluids. Saliva and semen normally show reduced expression of housekeeping genes, probably because spermatozoids contain little cytoplasm and few ribosomes and the desquamated cells of the buccal mucosa have almost no cell metabolism [19] .
Gene

Menstrual
Here we present data from 20 and 23 laboratories participating in the fourth and fifth collaborative exercise on the identification of menstrual blood and vaginal secretion respectively.
Materials and methods
Samples and materials provided
The organizing laboratory (Institute of Legal Medicine, University of Zü rich, Switzerland) sent one set of samples for each exercise to the participating laboratories.
Exercise 4 included stains 1-8 (menstrual blood, non-menstrual blood, Table 2 ), a menstrual blood dilution series (1/4-1/64 of a menstrual blood swab) and 3 dilution series of blood, semen and saliva (1-0.001 ml blood, 5-0.04 ml semen, 25-0.2 ml saliva).
Menstrual blood from 6 different donors (for 6 stains and 1 dilution series) was collected on swabs or on sanitary towels (4 fresh samples and 3 that had been stored for up to 5 years at room temperature in the dark). Additional fresh samples not containing menstrual blood (blood, saliva, vaginal secretion) were provided by 3 female donors. Semen (stored frozen for 5 years, thawed and placed on swabs) was provided by 1 male donor. For stain 2, a quarter of a swab containing 40 ml EDTA-blood (corresponds to about 10 ml blood per stain) was provided. Stain 5 was a quarter of a vaginal secretion swab. For the blood, semen and saliva dilution series, samples were diluted in 0.9% NaCl to a final volume of 5 ml per sample and placed on swabs.
Exercise 5 included stains 9-16 (vaginal secretion, non-vaginal secretion, Table 2 ) and a vaginal secretion dilution series (1/4-1/ 64 of a vaginal secretion swab). Vaginal secretion from 6 different donors (for 6 stains and 1 dilution series) was collected on swabs, on a sanitary towel or in underpants, 5 of them were fresh and 2 had been stored for up to 5 years at room temperature in the dark. Fresh non-vaginal secretion samples (urine, saliva) were provided by 2 female donors. Stain 11 was half of a swab that was immersed into liquid urine and stain 15 was half of a buccal swab.
In both exercises, the laboratories were asked, but not required, to examine additional samples: (1) bona fide or mock casework material that could include human and/or non-human menstrual blood and vaginal secretion stains or (2) other forensically relevant body fluids (e.g. blood, semen, saliva).
HPLC-purified primers were purchased from Microsynth (St. Gallen, Switzerland). The organizing laboratory prepared primer mixes for the multiplexes and aliquots were provided to the participating laboratories for use in amplification reactions (see below). The primers and samples were sent non-refrigerated by Fedex or DHL (exercise 4, arrival within 1-2 days, except 1 parcel that was 20 days in transit; exercise 5, arrival within 1-3 days, except 2 parcels that were 8 and 10 days in transit).
RNA(/DNA co-)extraction and reverse transcription
The participating laboratories were asked to use the entire swab or stain for extraction (RNA only or RNA/DNA co-extraction). The organizing laboratory provided an example protocol for extraction and reverse transcription. The laboratories could, however, use methods of their own choice. The example protocols were described previously [38, 39] .
RNA-and DNA-quantification
Participating laboratories were asked to quantify RNA using one of the following methods: Quant-iT TM RiboGreen 1 RNA Assay kit (Invitrogen) using a fluorescence microplate reader (high and low range protocol option) [11] , Quant-iT TM RNA assay kit (Invitrogen) using the Qubit fluorometer [26] or Bioanalyzer (Agilent) [20] . Laboratories were able to quantify DNA using a quantification system of their own choice.
Endpoint PCR
The primer sets and amplicon lengths are shown in Table S1 . The forward primers of the menstrual blood and vaginal secretion Table 2 mRNA profiling results (MMP, MB, HKG, Vag, Lacto triplexes and HBD1 singleplex) from 24 laboratories for the 16 stains. Dark grey squares represent stains/markers that were detected by more than half of the laboratories, light grey squares are stains/markers that were detected by 25-50% of the laboratories and white squares represent stains/markers that were detected by <25% of the laboratories. markers were 5 0 -labeled with FAM. The HKG forward primers were 5 0 -labeled with the NED-analogue ATTO550.
MMP
The following amplification conditions were recommended: 
Capillary electrophoresis (CE)
The participating laboratories used standard, multi-color fluorescent genetic analyzers and standard electrophoresis conditions for the detection of the menstrual blood, vaginal secretion and housekeeping gene specific amplicons (Table S2 ). Any dye set that included FAM and NED, with associated internal lane standard, could be used. Raw data were analyzed with GeneScan 1 or Genemapper 1 Software (Life Technologies). For data compilation, the threshold for a positive result was set to 100 RFUs (relative fluorescence units) or 200 RFUs (Genetic Analyzer 3500 series) respectively, for consistency between laboratories and to avoid inclusion of false positive results (due to the presence of dye blobs and baseline noise).
DNA-amplification and -detection
If DNA was co-extracted, the laboratories were asked to use a standard STR typing kit, PCR and CE conditions of their choice (Table S2) . A peak detection threshold of 50 RFUs was used.
Results
Laboratories 1-20 participated in exercise 4 and laboratories 1-9, 11-24 participated in exercise 5. Each laboratory was asked to complete a questionnaire describing the methods used (Table S2 ). The 24 laboratories used 6 different kits for RNA only or RNA/DNA co-extraction, 6 different reverse transcription kits, 9 different STR typing kits for DNA analysis, 7 different thermocyclers, 4 different genetic analyzers and 3 different polymers (Table S2 ). Since 3 packages experienced longer shipping times at outside/room temperature, primer mixes may have been impaired. Slightly reduced sensitivities were reported with the vaginal markers (8 and 10 days in transit), but no impairment was detected with the menstrual blood multiplexes (20 days in transit). Since no significant adverse effects were observed (slight reduction in sensitivity could be due to other contributing factors as well), results from these laboratories were included in the final analysis.
While unfortunate, the delays have provided some useful information regarding the robustness of the consumables and mRNA.
RNA results
The mRNA profiling results are summarized in Table 2 . All 24 laboratories were able to perform the method successfully as demonstrated by detection of the RNA menstrual blood, vaginal secretion and housekeeping gene markers. No results for stains 9-13 were available for laboratory 7 due to incorrect manipulation of the stains, but results were obtained for all other samples in the exercises.
The 6 menstrual blood and 6 vaginal secretion stains were identified correctly by all laboratories ( Table 2 ). The MMPs, MSX1 and LEFTY2 were detected in most menstrual blood samples (stains 1, 3-4, 6-8) by more than half of the laboratories, but SFRP4 was only detected in the high input menstrual blood samples 3 and 6. MYOZ1, CYP2B7P1, MUC4, HBD1 and at least one of the lactobacilli markers were reliably detected in the vaginal secretion samples (stains 9-10, 12-14, 16). Stains 8 (1/4 fresh menstrual blood swab) and 16 (5 Â 5 mm from fresh sanitary towel) appeared to be challenging possibly due to donor specific light menstrual blood/vaginal secretion flow.
For stain 6, menstrual blood swabs were collected from the same donor on days 1-4 of menstruation, for stain 7 from another donor on days 1 and 4, all stored 5 years at room temperature in the dark. Several laboratories were given part of the same menstrual blood swab for analysis. We then evaluated the variation in marker detection amongst the samples from days 1-4 (Table S3 ). By day 3 and day 4 of menstruation some of the menstrual blood specific markers (MSX1, LEFTY2, SFRP4) tended to disappear, whereas the metalloproteinase markers (MMP7, MMP10, MMP11) were detected for most of the days of menstruation, with some (possible intra-individual) variation. Variation in gene expression is expected over the reported days of menstruation, especially towards the end of menstruation, as menstrual blood flow can vary significantly [42] . For stain 13, vaginal swabs were collected from the same donor on days 5, 7, 13, 20, 24 and 28 of the menstrual cycle (stored 5 years at room temperature in the dark). Some laboratories were given a quarter of the same vaginal swab for analysis (in one instance, 3 labs using one of the samples and 4 labs using another). The results were similar for all time points and markers and are therefore collated into one result (Table 2, stain 13). Representative electropherograms of menstrual blood and vaginal secretion stains are shown in Figs. 1 and 2 .
In exercise 4, two non-menstrual blood samples (stain 2: blood; stain 5: vaginal secretion) and in exercise 5, two nonvaginal secretion samples (stain 11: urine; stain 15: saliva) were included in order to evaluate the specificity of the included menstrual blood and vaginal secretion markers. MMP7 and MSX1 were detected by more than half of the laboratories in stain 5 (1/4 vaginal swab), and MUC4, HBD1, MYOZ1, Ljen and Lgas were detected in stains 11 (1/2 urine swab) and 15 (1/2 buccal swab). Minor occurrences of cross reactivity were observed for the other markers by a small number of laboratories (Table 2 ). In general, the cross reactive peaks showed reduced signal intensities compared to those of menstrual blood and vaginal secretion samples (Table S4) .
For the dilution series, the HKG 3plex markers were detected by most laboratories down to the smallest sample size (1/64 menstrual swab) ( Table 3 ). The MMP markers, whereof MMP10 was the most sensitive, were detected by more than half of the laboratories down to the smallest sample size. MSX1 was detected by more than half of the laboratories in 1/8-sized menstrual swabs, but only sporadically in smaller sample sizes. LEFTY2 and SFRP4 were the least sensitive markers and were detected only by a few laboratories (even in high input samples). MYOZ1, CYP2B7P1, MUC4, HBD1, Ljen and Lcris were also detected by most laboratories down to the smallest sample size (1/64 vaginal swab) ( Table 3) . Lgas was only sporadically detected throughout the range of sample sizes tested, which might be due to the limited co-presence of different Lactobacilli within one individual (see Section 4) rather than the detection sensitivity per se of the marker.
Only sporadic peaks were detected in the RT minus (no reverse transcriptase added) or PCR negative controls (data not shown). In exercise 5, eight laboratories detected 1, 2 or all 3 Lacto markers in RT minus controls. In most, but not all, cases the peaks in the RT minus controls were considerably smaller than the respective peaks in the RT plus samples. Additionally, Ljen was detected in extraction or PCR negative controls by two laboratories.
Only two laboratories in exercise 4 and four laboratories in exercise 5 quantified the RNA: One used the Quant-iT TM RNA assay kit as well as the Bioanalyzer; one used the Quant-iT TM Ribo-Green 1 RNA Assay kit and two used a Nanodrop microvolume spectrophotometer (Table S5 ). Despite the small stain sizes and the different quantification methods, the RNA quantification results correlated quite well, in that the body fluid dilution series showed decreasing RNA amounts and high/low level stains could be differentiated (Table S5 ). Since only a small number of laboratories performed RNA quantitation, there was insufficient data in order to determine the correlation (if any) between the quantification result and RNA profiling success.
Post-PCR purification resulted in increased peak heights and reduced baseline signal noise but did not allow for detection of additional markers that were not observed prior to post-PCR purification. Eight laboratories in exercise 4 and 7 laboratories in exercise 5 performed post-PCR purification.
Comparison to other multiplexes
Two laboratories additionally tested the extracted RNA/cDNA with their own body fluid specific multiplexes, a 19plex from NFI [32] in EDNAP RNA exercise 4 and the CellTyper 11plex from ESR [23, 24] in EDNAP RNA exercise 5. The 19plex includes the 2 menstrual secretion markers MMP7 and MMP11 with different primer sets than used in the MMP 3plex. The 19plex and the MMP 3plex results were difficult to compare, because different cDNA dilutions, PCR cycle numbers and CE injection voltage/time were applied (19plex data not shown). However, the menstrual blood stains and menstrual blood dilution series were identified correctly with both multiplexes. Additionally, the 19plex provided indications for stains 2 and 5 to be blood and vaginal secretion and also identified the body fluid dilution series as blood, saliva and semen. The CellTyper 11plex includes the 2 vaginal markers Lcris and Lgas with different primer sets than used in the Lacto 3plex. The results of the CellTyper 11plex (data not shown) and Lacto 3plex were in good agreement for stains 9-16 and the vaginal secretion dilution series. Additionally, the CellTyper 11plex identified stain 15 successfully as saliva.
DNA results
A total of 19 and 22 laboratories (exercise 4 and 5, respectively) performed RNA/DNA co-extraction. No specification for DNA analysis was provided. Various STR typing kits and cycle numbers were utilized by the participating laboratories (Table S2 ). Full STR profiles were obtained from all stains and the menstrual blood/vaginal secretion dilution series (down to the 1/64 swab) by most laboratories (data not shown). The obtained genotypes were confirmed by comparison with reference profiles. A total of 15 and 19 laboratories (exercise 4 and 5, respectively) quantified the DNA using different quantification systems. Due to the small stain sizes and the different extraction and quantification methods used, the DNA quantification results were difficult to compare. However, the results were in the same order of magnitude for each particular stain (Table S6) . Overall, the results demonstrated that DNA of sufficient quantity and quality for STR analysis could be simultaneously extracted with RNA from small amounts of dried stains.
RNA and DNA results of the blood/semen/saliva dilution series
Dilution series of blood (1-0.001 ml), semen (5-0.04 ml) and saliva (25-0.2 ml) were tested with the HKG triplex to test these housekeeping genes for their suitability as positive control for the presence of biological material and for successful RNA extraction/ reverse transcription. These body fluid dilution series were prepared in such a way that loss of the housekeeping gene markers by dilution could be observed. Since saliva and semen are known to exhibit reduced housekeeping gene activity, higher input amounts of saliva and semen were used. Most laboratories performed RNA/DNA co-extraction on these samples and could provide RNA and DNA results. Some of these housekeeping genes could be detected down to 0.01 ml blood, 0.2 ml semen and 1 ml saliva (Table S7 ). Based on these dilution series, B2M and UBC seemed to be more sensitive than UCE for all tested body fluids. STR profiles could be recovered down to about the same amounts, except for semen where partial profiles down to 0.04 ml were reported (Table S7 ). On the other hand good RNA results (B2M and UBC) could be obtained from 0.01 ml blood, whereas poor STR results were obtained from this same amount of blood.
RNA and DNA results of the optional stain samples
The laboratories were invited to analyze additional samples including bona fide and mock casework samples, non-menstrual blood, non-vaginal secretion and non-human samples. Forty-nine menstrual blood samples, 28 non-menstrual blood samples (blood, saliva, semen, urine, vaginal secretion, skin) and 5 non-human samples (cat, dog, chimpanzee) were tested by 12 laboratories with the menstrual blood multiplexes. Fifty-five vaginal samples, 12 menstrual blood, 52 non-vaginal samples (blood, saliva, semen, skin, anal) and 2 non-human samples (cat, dog) were tested by 16 Table 3 mRNA profiling results (MMP, MB, HKG, Vag, Lacto triplexes and HBD1 singleplex) from 24 laboratories for the menstrual blood and vaginal secretion dilution series. Dark grey squares represent stains/markers that were detected by more than half of the laboratories, light grey squares are stains/markers that were detected by 25-50% of the laboratories and white squares represent stains/markers that were detected by <25% of the laboratories. laboratories with the vaginal and housekeeping gene markers. At least one of the specific markers was detectable in almost all menstrual blood and vaginal secretion stains (Tables S7 and S8) , including various stain sizes, storage periods and storage conditions. Vaginal markers were also detected in menstrual blood stains as is expected since menstrual blood is a complex mixture of menstrual blood, peripheral blood and vaginal secretions. For the menstrual blood stains, only one sample showed no RNA result at all (body fluid specific markers and housekeeping genes), perhaps due to limited cell amount, but a DNA profile could be generated. For two other menstrual blood stains housekeeping genes were detected, but no body fluid specific marker. This may be attributed to the presence of a limited amount of actual menstrual blood in the sample but sufficient biological material (e.g. vaginal secretion) present to permit detection of the housekeeping genes. Two vaginal secretion stains were negative for vaginal specific markers: One endovaginal swab from a 13 year old girl and another specified as underwear from a man in a rape case. In the latter case the presence of the stain being from this source might be uncertain or not enough female cell material was present. Sporadic cross reactive peaks (most of them <1000 RFUs) were observed with the menstrual blood markers in blood, saliva, semen and more prominently in a skin sample (described as 'human skin wound') and several vaginal swabs (not specified at which day of cycle) (Table S8 ). The 3 housekeeping genes performed well in all human stains tested, only UCE appeared to perform less well in saliva samples (Table S8 ). Only sporadic peaks were observed with the vaginal markers in blood and skin, but several cross reactive peaks in saliva and semen were observed (mainly from Ljen) (Table  S9 ). Full autosomal STR profiles were obtained for most samples where an RNA/DNA co-extraction was performed (data not shown).
MMP
Discussion
The purpose of this exercise was to evaluate an RNA/DNA coextraction strategy with challenging menstrual blood and vaginal secretion samples and novel menstrual blood-and vaginal secretion-specific mRNA multiplexes (2 menstrual blood triplexes including the markers MMP7, MMP10, MMP11, MSX1, LEFTY2, SFRP4 as well as 2 vaginal secretion triplexes including the markers MYOZ1, CYP2B7P1, MUC4, Ljen, Lcris, Lgas) and a HBD1 singleplex. In addition, a housekeeping gene triplex (B2M, UBC, UCE) was tested to confirm the presence of RNA of sufficient quantity and quality for analysis. Co-extracted DNA was analyzed with various commercial STR typing kits.
All participating laboratories successfully applied the method using their own laboratory equipment and different kits and chemicals for RNA only or RNA/DNA co-extraction, reverse transcription and PCR. The samples to be analyzed in this exercise were challenging because the laboratories did not know the tissue origin and some stains were low template samples. The differing sensitivities between the laboratories can be explained by the different extraction kits and reverse transcription chemistries used. In addition, it is not possible to prepare identical stains for so many laboratories, different swabs and even different parts from the same swab can contain different cell amounts. And some packages experienced longer transit times at outside/room temperature, which could have impaired the primer mixes.
The evaluated menstrual blood markers proved to be specific, apart from single positive reactions with non-menstrual blood stains (mainly vaginal secretion). Towards the end of menstruation, as menstrual blood flow can be significantly lighter, some of the menstrual blood specific markers (MSX1, LEFTY2, SFRP4) tended to disappear, whereas the metalloproteinase markers were detected for most days of menstruation. We could not confirm the reported reduced expression of MMP11 on day 1 [5] , which might be due to the time point of sample taking and inter-individual differences. Amongst the menstrual blood markers, the metalloproteinase markers exhibited the highest sensitivity with more than half of the laboratories detecting all three markers with as little as 1/16 of a swab and MMP10 detected by more than half of the laboratories with as little as 1/64 swab. The sensitivity for MSX1, LEFTY2 and SFRP4, was considerably lower than those observed for the metalloproteinase markers. MSX1 was detected by more than half of the laboratories down to 1/16 of a swab, while LEFTY2 and SFRP4 were not detected by more than half of the laboratories for any of the sample sizes.
All of the evaluated vaginal secretion markers were able to detect vaginal secretion. However, MUC4 and HBD1 cross-reacted with other body fluids (mainly saliva) as has been reported previously [12, 21, 37, 43] . It was reported that predominance of one Lactobacillus species is common in vaginal microbial populations [44, 45] . In particular, 4 species of this genus (L. iners, L. crispatus, L. gasseri, L. jensenii) are mainly represented in women from different regions and ethnic groups with very limited evidence of their copresence in the same host [44, 45] . The results from this study appear to support that finding in that most vaginal samples exhibited only one of the 2 species Lcris or Lgas. Ljen was detected in the majority of the samples, but also in some negative controls, suggesting the possibility of general Ljen contamination in the environment as a possible reason for these results. A potential drawback of vaginal specific Lactobacillus markers is, that they are also detected on body sites close to (female groin) or in contact with (penis) the vagina, albeit this was tested only in small sample sizes [46] . The sensitivity was good for all evaluated vaginal secretion markers. MUC4, HBD1 and Ljen results should be interpreted carefully because of their cross-reactive potential. After the commencement of this study, a new vaginal marker (Mesothelin, MSLN) was described [47] . However, a large sample to sample variation and some cross reactivity with saliva was evident. This marker should be subjected to a validation exercise similar to the one described here to determine whether it offers superior sensitivity and specificity in comparison to any of the tested markers. In summary, most of the evaluated menstrual blood and vaginal secretion markers proved to be specific and sensitive and therefore suitable for forensic stains, even for aged and low template samples.
Expression analysis of housekeeping genes was evaluated as a positive control for the presence of biological material and a successful extraction and reverse transcription of RNA of sufficient quality and quantity for analysis. The sensitivity of housekeeping gene detection was in the same range as the body-fluid-specific markers [26, 39, 40] and STR analysis (Table S7) , though slightly reduced in saliva and semen compared to the saliva and semen specific markers [40] . Two of the housekeeping genes tested in this study, B2M and UBC, proved to be quite sensitive and were detected in most body fluid stains (Table S8) . Moreno et al. tested the expression levels of a selection of housekeeping genes and showed B2M to be expressed most consistent among body fluids [48] . Based on our data, these housekeeping genes do not appear to be particularly good positive controls in the sense that they should reliably show positive results when biological material is present. At least for saliva and semen, they are less sensitive than the body fluid specific genes. Anyhow, they can be useful for the interpretation of results together with RNA and DNA data. If for example, housekeeping gene expression analysis and STR profiling is successful but no body fluid specific genes are detected, the biological source material might be another, not tested body fluid or tissue. If on the other hand STRs can be detected, but no RNA profiling of either housekeeping or body fluid specific genes were obtained, sensitivity might be a problem. There is no consensus yet as to whether housekeeping gene detection should be a requirement for RNA based body fluid identification assays. More studies are warranted in this area.
Another issue is the development of suitable interpretation guidelines, such as those suggested by Lindenbergh et al. [32] or Roeder et al. [34] . What criteria should one use when considering the likely presence or absence of a particular fluid, given the absence/presence and/or relative peak heights of specific markers? How many and which markers should at least be present to identify a body fluid? In general, any false positive reduces the reliability of a test, therefore further investigations on specificity would be useful.
RNA and DNA quantification results were reasonably consistent among laboratories in that high/low input samples could be differentiated and the dilution series showed a monotonic gradual decrease in analytical signal. When comparing absolute numbers, the variation was of course quite high and standard deviations were in the same range as the mean values. This can easily be explained by the different extraction and quantification methods used by the laboratories. None of the suggested RNA quantification systems are ideal as they are not human-specific.
Two laboratories additionally used their own multiplexes (a 19plex from NFI and CellTyper 11plex from ESR) to identify the stains and dilution series. The results regarding menstrual blood and vaginal secretion were concordant. No detailed comparisons with multiplexes were performed since that was not the primary object of this study.
The following negative controls were included in RNA analysis: (1) RT minus (no reverse transcriptase added) to identify possible contaminating DNA (frequently a larger size than the expected RNA product) or the presence of pseudogenes (same size as RNA product) and (2) amplification blank. In exercise 4, only sporadic peaks appeared in the RT minus controls and are regarded as outliers. In exercise 5, eight laboratories found 1, 2 or 3 Lacto peaks in RT minus controls. This was most probably due to genomic DNA contamination since 4 of these laboratories did not use the recommended TURBO DNA-free DNase treatment. In addition, 2 laboratories found Ljen peaks in extraction or PCR negative controls, which could be due to crosstalk/carryover [49] or a general Ljen environmental contamination in the laboratory or contamination of the primer mix.
The possibility of co-extracting RNA and DNA from the same stain sample is an important operational consideration since the amount of sample is often limited in forensic casework. From almost all stains, good quality DNA profiles and the positive identification of menstrual blood and vaginal secretion could be achieved, even for aged stains and those exposed to un-controlled humidity.
In summary, the results of this study support an RNA/DNA coextraction strategy allowing for positive identification of the tissue/fluid source of origin by mRNA profiling as well as a simultaneous identification of the body fluid donor by STR profiling. Most of the evaluated menstrual blood and vaginal secretion markers proved to be robust, reproducible and sensitive. Care should be taken with the vaginal markers MUC4, HBD1 and Ljen because of the potential for cross reactivity with other body fluids as well as presence in negative controls in the case of Ljen. Co-extracted DNA from the same stain provided good-quality STR profiles. Together with the precedent RNA exercises [38] [39] [40] , a set of reliable RNA markers is now available for the identification of the most common forensic body fluids, namely blood, saliva, semen, menstrual blood and vaginal secretion. A subsequent EDNAP mRNA exercise will include an evaluation of mRNA markers for the identification of skin. Another task for future exercises would be the above mentioned development of suitable interpretation guidelines.
